The performance of one-step UASB reactors treating fish processing wastewater of different lipid levels was determined using artificially generated influent simulating that of the canning of sardines and tuna. The organic loading rates (OLR) and the hydraulic retention times (HRT) were 5-8 g COD.l -1 .d -1 and 11-12 hours, respectively. In treating a wastewater that contains 3-4 g.l -1 total COD of which 5-9% was lipids, the COD removal and conversion to methane were ca.78% and 61%, respectively. In treating a wastewater with a higher lipid content (ca. 47% of the total COD), the total COD removed and converted to methane were 92% and 47%, respectively. A considerable part of the influent total COD was removed via adsorption on reactor surfaces and sludge particles. The adsorption of lipids on sludge particles threatens the stability of the UASB operation. Thus, the performance of a first-step UASB reactor in removing suspended solids (SS) from a "high-lipid" wastewater was also determined in this study.
Introduction
In general, fish processing wastewater contains high levels of suspended solids (SS) which are mainly proteins and lipids. As the level of biodegradable organic matter is usually high, the potential for a net energy production in the form of methane is also high in treating this wastewater via an anaerobic process. Hence, the application of a UASB system is a promising option. The lipid content of raw fish varies depending on species, size, age, and season (Suzuki, 1981) . Hence, the lipid levels in the generated wastewater can also be proportionately variable. The objective of this study is to determine the possibility of treating fish canning wastewater of different lipid levels in a UASB system.
As the results of the one-step UASB experiments in this study showed that pre-removal of lipids from the wastewater is necessary, the application of a highly loaded first-step UASB system for this purpose was explored. The system is similar to the upflow anaerobic solid removal (UASR) used by Zeeman et al. (1997) in the pre-treatment of dairy wastewater, a similarly lipid-rich wastewater. Unlike a conventional settler, the influent wastewater in this reactor passes through the sludge bed where the SS can be entrapped or adsorbed, and partially hydrolysed and acidified depending on the temperature and solid retention time (SRT). The influent flow constantly flushes the sludge bed, hence preventing possible accumulation of intermediate products, such as amino acids (Doi, 1972; Glenn, 1976) , which could otherwise be inhibitory to hydrolysis or acidification.
Materials and methods
Three UASB reactors were operated. The first two were used as one-step reactors, one using a wastewater with high lipid concentration and another with low lipid concentration. The third one was operated as the first step of a two-step UASB system and fed with "high-lipid" wastewater. Its effluent flowed to an external settler (ES). A summary of the operating conditions and reactor configurations is presented in Table 1 . Sludge from a full-scale upflow anaerobic reactor treating brewery wastewater was used as seed sludge filling up 30% of the effective volume of the first step UASB or 50-75% of the one-step reactors. Sludge was manually withdrawn from the sludge port at 0.3 and 0.6 m (from the bottom of the reactor) 1-2 times daily maintaining the sludge bed height at 0.55-0.7 m. The first-step reactor was run at lower OLR and longer SRT for 205 days before operating it at the conditions shown in Table 1 . Average values of influent and effluent concentrations and conversion and removal efficiencies were calculated over the new "steady-state" period (day 231-288), which was assumed to be achieved after at least 3 times the SRT of this new period. In the one-step UASB reactor treating "high-lipid" wastewater, a considerable amount of sludge adhered at the GLS and was manually removed every 3 days. As a clear interface between the sludge bed and the settling zone of the reactor was visible during the entire run, no sludge was withdrawn from the sludge bed except for sampling. Methane gas produced in the reactors was measured by displacement of 3% NaOH solution using Mariotte flask and inverted serum flask in the one-step and first-step UASB experiments, respectively.
The influent "high-lipid" wastewater was prepared by cutting whole raw sardines (Sardinella longiceps) into small pieces using a blender and tap water. The resulting slurry was sieved and diluted to the desired COD level. The "low-lipid" wastewater was prepared similarly except that meat fillet of raw tuna (Thunnus albacares) was used. In the one-step UASB experiment, nutrients (concentrations in mg.l -1 : 280 NH 4 Cl, 250 KH 2 PO 4 , 100 MgSO 4 .7H 2 O, 10 CaCl 2 .2H 2 O, 0.483 FeIII, 0.450 Co, 0.140 Mn, 0.011 CuII, 0.024 Zn, 0.025 Ni) and pH buffers (0.4 g.l -1 NaHCO 3 ) were added to the wastewater. In the first-step UASB experiment, neither nutrients nor pH buffers were added. The influent and effluent samples were obtained every 1-2 days. All analyses of sludge, influent, and effluent wastewater were done in duplicates and according to Standard Methods (1995) except for the volatile fatty acids (VFA) and proteins and amino acids, the methods for which can be found in Palenzuela-Rollon (1999) and Lowry et al. (1951) . The different COD fractions were separated by filtration (0.45 µm MFS cellulose nitrate and 7.5 µm Whatman #40) and designated as soluble (COD < 0.45 µm), colloidal (0.45 µm < COD < 7.5 µm), and SSCOD (total COD -soluble COD). ES serves as water-lock U-tube at effluent port U-tube at effluent port @ estimated from VS accumulation (sludge withdrawal was limited to sampling) and was lower in "high-lipid" run due to sludge flotation; COD = chemical oxygen demand; GLS = gas-liquid-solid separator; $ 4 propellers 0.3 m apart, each with 8 vertical prongs
Results and discussion
One-step UASB reactor for high-and low-lipid concentrations
The composition of the influent wastewater is shown in Table 2 . A considerable amount of proteins was already hydrolyzed and acidified during storage as indicated by the relatively high VFA and NH 4 + -N concentrations. The soluble non-acidified COD was mainly soluble proteins plus amino acids (SP+AA). In the first 30 days of the run, the percentage hydrolyzed, acidified, methane and removed COD rapidly increased in time, reaching a maximum in the next 20-30 days. After 50-60 days of operation, the conversion percentages fluctuated in time and was on the average lower than those in days 30-50 while the COD removal remained high. With respect to the hydrolysis of SS in the wastewater, a "steady-state" can be assumed after 25-35 days of operation in both the runs with "high-" and "low-lipid" wastewater. The mean effluent concentrations in days 60-141 and 50-81 of the runs with "high-" and "low-lipid" wastewater, respectively, are presented in Table 3 while the conversion and removal efficiencies for the same period are presented in Table 4 . In the "low-lipid" wastewater, 78% and 61% of the total COD was removed and converted to methane, respectively. In the "high-lipid" wastewater, the total COD removal and conversion to (Suzuki 1981) ; total N = total Kjeldahl nitrogen; Values in parentheses are percentage of total COD or total N; nd = not determined; values next to ± are standard deviation Values in parentheses are percentage of effluent total COD. Calculations as indicated by superscripts are given in Table 2 , except for effluent proteins-SS @ , which was calculated as [total proteins -(SP + AA)*1.4]. For effluent total proteins, the method of Lowry et al. (1951) was used methane were 92% and 47%, respectively. A significant fraction of the total COD was removed as sludge floating or adsorbed at the gas-liquid-solid (GLS) separator. In both runs protein degradation was not rate limiting. Even during storage at the influent tank, a large fraction of the proteins was already acidified as indicated by the considerable NH 4 + -N level (60-80% of the total N). During treatment in the UASB reactor the percentage proteins acidified increased further and did not differ between the runs with "high-" and "low-lipid" wastewater. The dissolved COD and VFA levels in the effluent of the reactor treating "high-lipid" wastewater were low indicating that in this run the conversion of COD to methane was limited by the low percentage of SS hydrolyzed. The COD converted to methane represents mainly the protein degraded. The characteristics of the sludge in the UASB reactors are shown in Table 5 . The level of volatile (VS) and total solids (TS) in the reactor remained lower in the "high-lipid" run than those in the "low-lipid" run. The value of the sludge volume index (SVI) was higher in the reactor treating "high-lipid" wastewater than that treating "low-lipid" wastewater, indicating that the sludge in the reactor treating "high-lipid" wastewater is less dense and thus less settleable. The SRT values were estimated as 25 and 50 days in the runs with "high-" and "low-lipid" wastewater, respectively. At the latter SRT, lipid hydrolysis is more likely to occur than at the shorter SRT estimated for the reactor treating "high-lipid" wastewater. Moreover, as the settleability of the sludge in treating "high-lipid" wastewater is inferior to that of the reactor treating "low-lipid" wastewater, sludge retention will remain poor. Hence, in the long run, the SRT and thus also the extent of hydrolysis of SS will remain relatively low in the reactor treating "high-lipid" wastewater. When the main mechanism for lipid removal in the UASB reactor is adsorption on sludge particles, the stability of the UASB operation is threatened. The flotation of sludge with attached lipids may cause complete sludge wash out in the long run. Therefore, pre-removal of lipids is necessary. + -N)/(effluent organicN -influent organicN)] where organic-N = total N -NH 4 + -N; f [(effluent soluble COD + methane COD)/(effluent SS COD -influent SS COD)]; @ An unexplained decrease in NH 4 + -N was shown, hence the percent acidified proteins was at least 83%, which is the extent of acidification during storage at influent tank Table 5 Characteristics of the sludge in the one step UASB reactors One-step, "high-lipid" One-step, "low-lipid"
VS and TS (g.l -1 ) 5-8 and 8-12 7-16 and 20-33 SVI 34 14-22
First step of a two-step UASB system for high-lipid concentration
The influent and effluent concentrations and conversion and removal percentages in the first step UASB are shown also in Tables 2, 3 and 4. In treating a wastewater of 4.0 ± 1.2 g.l -1 total COD, of which 60% is lipid and 11% is protein COD, 80% of the suspended solids COD were removed (Table 4 ). The SS reduction represents the removal of both lipids and proteins as indicated by a decrease in both the lipid (80%) and organic N (63%) levels in the wastewater. Of the removed organic N, 27% was converted to NH 4 + -N, indicating that proteins in the wastewater were further acidified in the UASB reactor. As in the one-step UASB experiment a significant part (69%) of the proteins was already acidified in the influent storage tank (Table 2 ). Removed SS are to a very limited extent hydrolyzed. Of the removed SS in the reactor, 6% was hydrolyzed. Sludge composition profile along height of the reactor and in the settler (Table 6 ) indicates that lipids were removed mainly by entrapment in the sludge bed and settling at the ES. Lipids and protein levels were highest at the bottom. The lipid content of the sludge particles gradually increased while protein content decreased from 0.3 m to the upper part of the reactor. This suggests that sludge particles having higher lipid content tend to float. During treatment in the ES, the removal of SS, lipids, and organic N increased from 80%, 80% and 63% to 86%, 89%, and 85%, respectively (Table 4 ). The ES served as a buffer of the first-step UASB reactor during stirring at the reactor. The applied intermittent stirring at moderate speed prevents channeling of the liquid flow but provides enough time for the disturbed sludge to resettle.
The performance of the first-step UASB reactor at shorter SRT must be explored in future studies. Our previous experiments (Palenzuela-Rollon, 1999) showed that increasing the SRT does not improve the removal of SS. With respect to protein hydrolysis, a long SRT is not required as fish proteins are easily degraded as shown in this experiment. Methane production, which may occur at longer SRT, is undesirable in the first step as it may enhance the flotation of lipids and therefore decrease the SS removal.
The effluent of the first-step reactor (prior to settling at ES) contained mainly dissolved COD (70% of total COD) and of which 80% were volatile fatty acids (Table 3) . The system greatly reduced the lipid level and its variability in the wastewater. When this system is used prior to another UASB reactor, a stable second-step operation is expected. Of the remaining SSCOD in the first-step effluent, 43% was colloidal COD (60% upon further settling of SS in the ES). The results of Sayed et al. (1998) on slaughterhouse wastewater, which also contained high levels of lipids, showed that the colloidal COD in that wastewater is mainly lipids. Our other studies (Palenzuela-Rollon, 1999) showed that the degradation of lipids is enhanced when methanogenesis occurs. It is therefore expected that in a UASB reactor where methanogenesis prevails, the remaining colloidal COD that is likely composed of lipids will be degraded. The latter is confirmed by the results of the onestep UASB for wastewater with low lipid concentration as presented in this paper. 
